Flexible boron nanowires have been synthesized via thermoreduction in boron-oxygen compounds with magnesium. These as-prepared nanowires, which are structurally uniform and single crystalline, represent good semiconductor at high temperature. Tensile stress measurements demonstrate excellent mechanical property of boron nanowires as well as resistance to mechanical fracture even under a strain of 3%. Importantly, simultaneous electrical measurement reveals that the corresponding electrical conductance is very robust and remains constant under mechanical strain. Our results can be briefly explained by Mott's variable range hopping model.
Among well-known light elements such as B, C, and N, boron possesses many unique properties. Similarly to carbon and silicon, boron shows an obvious tendency to form covalent molecular compounds, but differs dramatically from carbon in having one less valence electron than the number of valence orbitals, a situation sometimes referred to as "electron deficiency." 4 Boron not only is the third lightest solid element with a low density of 2.340 g / cm 3 and a high melting point of 2300°C, but also has a large bulk Young's modulus of 380-400 GPa and an extreme hardness close to diamond. These unique mechanical and electronic features make boron and its related compounds promising for future application in flexible technology. Particularly, recent theoretical work on boron and AlB 2 nanotubes 5, 6 have stimulated significant experimental interest, in which the boron nanotubes were predicted to be metallic, independent of its chirality. So far, different techniques have been developed to fabricate one dimensional boron nanostructures. Amorphous boron nanowires were successfully fabricated by chemical vapor transport, 7 radio-frequency magnetron sputtering, 8, 9 or laser ablation technique. 10 Ill-defined crystalline boron nanowires were directly synthesized by chemical vapor deposition reaction of diborane ͑B 2 H 6 ͒ in Ar gas. 11 Tetragonal and rhombohedral boron nanostructures have been realized by laser ablation and thermal vapor transport process, respectively. [12] [13] [14] [15] More recently, boron nanocones have been successfully synthesized in our group. 16 Nevertheless, due to the low productivity and poor quality of the boron nanowires, detailed characterization of their physical properties has been lacking. 11, 17 Here, we reported a synthetic route for growth of boron nanowires and investigated their potential applications in flexible electronics.
Our work is based on a synthetic route to grow single crystalline boron nanowires on Si ͑111͒ through active metal ͑magnesium͒ thermal reduction in B / B 2 O 3 in a H 2 / Ar mixture gas at 1100°C with Fe 3 O 4 nanoparticles 18, 19 as catalyst. Boron powder ͑99.9%͒, boron oxide ͑B 2 O 3 ͒ powder ͑99.99%͒, and magnesium ͑99.99%͒ in a molar ratio of 10:1:3 were grounded together as precursors. A high temperature tube furnace was applied for synthesis with accurate control of temperature and gas flow rate. Detailed growth conditions of boron nanowires are as follows. At first, 100 SCCM ͑SCCM denotes cubic centimeter per minute at STP͒ H 2 / Ar carrier gas was introduced after the system was pumped below 10 Pa. When the temperature of furnace center reached 400°C at a rate of 200°C / h, it was kept for 30 min to eliminate remaining oleic acid and oleylamine on the catalysts. Then, the flow rate of the carrier gas was decreased to 50 SCCM and the system pressure was maintained at 3-4ϫ 10 3 Pa. The system was then heated to 1100°C at a rate of 200°C / h without changing the system pressure. Boron nanowires were grown under this condition for 2 h. After that, the furnace was cooled down to room temperature, dark brown or black products were found on the surface of the substrate.
Morphologies of boron nanowires were examined by field-emission-type scanning electron microscope ͑SEM͒. Transmission electron microscopy ͑TEM͒ and highresolution transmission electron microscopy ͑HRTEM͒ with electron energy loss spectrometer ͑EELS͒ were employed to perform the microanalysis of boron nanowires. In electrical measurements, the contact electrodes of device 1 deposited were fabricated by electron beam lithography ͑EBL͒ as follows. First, boron nanowires were placed on a SiO 2 insulating layer ͑500 nm thick͒ on Si ͑111͒ wafer. Then, four Ni/Au ͑20/130 nm͒ Ohmic contact electrodes were defined on a single boron nanowire with EBL and followed by thermal evaporation and lift-off processes. For comparison, four Pt ͑100 nm͒ Ohmic contact electrodes on single boron nanowires were also directly fabricated by focused ion bean ͑FIB͒. Electrical transport flexibility measurements were conducted using four-probe scanning tunneling microscope ͑STM͒ system. 20, 21 Typical morphologies and microstructure of boron nanowires are shown in Fig. 1 . These nanowires are about tens of micrometers long and 50-200 nm wide with random growth directions ͓Figs. 1͑a͒ and 1͑b͔͒. More detailed structure of nanowires can be further characterized by TEM and selected area electron diffraction ͑SAED͒, further revealing crystalline lattice fringes without observable defects ͓Figs. 1͑b͒ and 1͑c͔͒. The growth direction is along ͓012͔ and the measured lattice distance is about 2.16 Å, agreeing with ͑203͒ lattice plane of ␤-rhombohedral boron. Figure 1͑d͒ shows the typical EELS spectrum of the nanowire. The characteristic B K-edge at 188 eV is clearly visible and no other peaks can be distinguished. Figure 2͑a͒ shows current versus bias voltage ͑I-V͒ characteristics of single boron nanowire measured under different temperatures. All of the I-V curves are linear and symmetrical under a bias voltage of up to 4 V, and the conductance increases with the temperature. At 460 K the conductance can be improved by three orders of magnitude as compared with that of 120 K, indicating that boron nanowire is a good semiconductor above room temperature. The electrical conductivity of this device 1 is about 4.4ϫ 10 −4 ͑⍀ cm͒ −1 at room temperature, which is close to the value of bulk boron ͑10 −4 -10 −7 ͒. 22, 23 For comparison, device 2 was made by EBL but it was mended by FIB at the contacts between the boron nanowire and the electrodes. The conductivity of device 2 is 3.6ϫ 10 −2 ͑⍀ cm͒ −1 , which is two orders higher than that of device 1. The same behavior was also observed in device 3 and 4, which were realized by FIB using Pt as the electrodes. Such conductivity enhancement can be attributed to the doping atoms ͑Ga and Pt͒ introduced in the FIB process. Figure 2͑b͒ gives linear relationships between Ln͑G͒ and ͑1 / T͒ 1/4 of these four devices. Here, G is the conductivity and T is the temperature. Such linear dependence can be understood by Mott's variable range hopping ͑VRH͒ model, assuming that the carrier transport occurs by thermal activation process between the localized states. According to Mott's law for the three-dimensional VRH, the conductivity G is expressed as
where l is the localization length of the carrier's wave function, N͑E F ͒ is the electron density of ͑localized͒ states at the Fermi level ͑E F ͒, k B is the Boltzmann constant, and G 0 is a constant. The corresponding fit parameters T 0 of the temperature range are listed in Table I . Our data agree with this model well. We further observed that the conductance of boron nanowires is very robust even under large strain. In this experiment one end of the boron nanowire was fixed by a Pt electrode fabricated by FIB ͓Figs. 3͑a͒-3͑d͔͒. Also, one of the tips made of Au in the four-probe STM system was used as an electrode ͑in a two terminal configuration͒ and a manipulator ͓Figs. 3͑a͒-3͑d͔͒. The electrical conductance measurement can be monitored during the process of bending. Both the Au and Pt electrodes have good Ohmic contacts with the boron nanowire. The mechanical strain of nanowire experienced can be quantized as = r / R, where r and R represent the nanowire's radius and the radius of curvature, respectively. The nanowire remains intact even after 3% strain bending ͓Fig. 3͑c͔͒, which manifests excellent resilience as compared with single crystal bulk counterpart. 3 Importantly, the resistance of boron nanowire is very robust and remains almost unchanged while increasing the strain step by step. The resistivities measured under the situation of Figs. 3͑a͒-3͑c͒ are 139.3, 143.8, and 142.4 ⍀ cm, respectively. The variation in resistivities might be due to different contact conditions during the electrode fabrication process. Figure  3͑e͒ shows independence of ͑R 1 − R 2 ͒ / ͑R 1 + R 2 ͒ on temperature T, where R 1 and R 2 are the resistances of boron nanowire without strain and with 3% strain, respectively. This independence of electrical conductance on mechanical strain can also be directly seen in Fig. 3͑f͒ . Our observed temperature dependent transport process of boron nanowire with strain also agrees well with Mott's VRH mechanism. Compared with the result of curve without strain ͑slope is −70.4͒, the slope under strain was almost the same ͑−70.31͒, which further suggests that strain on boron nanowires did not change its electron density of ͑localized͒ states at the Fermi level. Our results of robust electrical conductance of boron nanowires suggest that it might be an excellent candidate for flexible electric device.
In summary, we have developed a synthetic route for making high quality boron nanowires. The electrical transport of single boron nanowire shows room temperature conductivity of 4.4ϫ 10 −4 ͑⍀ cm͒ −1 and follows Mott's VRH mechanism. This electrical conductivity is very robust under mechanical strain of up to 3%. We believe that all our results together suggest that boron nanowires are promising nanoscale building blocks for flexible nanoelectronics. 
